The otolith microstructure and microchemistry of a tropical eel, Anguilla marmorata, were examined in glass eels collected from Taiwanese and Japanese coasts. Ages at metamorphosis (onset of metamorphosis) and recruitment, respectively, were 114 ± 13.8 (mean ± SD) days and 144 ± 15.7 days in Taiwanese stock, and 123 ± 13.9 days and 154 ± 17.3 days in Japanese stock. No significant differences were found in ages between the two stocks. The duration of metamorphosis estimated from otolith microstructure was 10-24 days, which is the same in the different stocks. For both stocks examined, close linear relationships were found between ages at metamorphosis and recruitment, suggesting that individuals that metamorphosed earlier were recruited to the coasts at a younger age.
INTRODUCTION
Recent progress in otolith analytical techniques have revealed considerable details of early life histories of temperate Anguilla species, such as A. japonica, [1] [2] [3] [4] A. anguilla, 5, 6 A. rostrata, 6, 7 A. australis, 8 and A. dieffenbachi. 9 In addition, there have been a few recent studies on the otoliths of glass eels of several tropical species that migrate to freshwater habitats. [10] [11] [12] [13] However, compared with the temperate species, little is known about the early life history of the tropical species.
Twelve of 18 Anguilla species are known to be distributed in tropical waters, seven of which occur in the western Pacific around Indonesia, [14] [15] [16] where freshwater eels are thought to have originated. 17 Recent mitochondrial DNA analysis has revealed that A. borneensis from Borneo Island is closest to the ancestral form among the 18 present-day species/subspecies. Accordingly, it has been suggested that freshwater eels originated in the present-day Indonesian region during the Cretaceous. 17 Furthermore, the tropical species seem to be related more closely to the ancestral form than their temperate counterparts. According to Tsukamoto 18 and Tsukamoto and Aoyama, 19 long-term larval migration in the sea might have been involved in the worldwide distribution of the genus and the consequent speciation of the Anguilla species. Thus, studying the early life history, including the larval migration and metamorphosis in tropical eels (i.e. old-type eels), may provide a key for understanding the primitive form of catadromous migration in freshwater eels and how large-scale migration of the temperate species was established. In the present study, otolith microstructure and microchemistry of a tropical species, A. marmorata Quoy and Gaimard, a common species in the IndoPacific 14, 20 that was collected from Taiwanese and Japanese coasts, were examined and the timing and duration of metamorphosis, as well as age at recruitment to the coasts and hatching date, were determined in order to accumulate basic information for understanding the migration of the tropical eel.
Original Article
Inshore migration of a tropical eel, Anguilla marmorata, from Taiwanese and Japanese coasts (Table 1) . Using a grinding machine equipped with a diamond cup-wheel (Discoplan-TS; Struers), these otoliths were ground to expose the core in the sagittal plane, and further polished with 6 mm and 1 mm diamond paste on an automated polishing wheel (Planopol-V; Struers). They were then cleaned in an ultrasonic bath and rinsed with deionised water pending subsequent examinations. For electron microprobe analyses, six otoliths from glass eels (three specimens from each sampling site) were carbon-coated by a high vacuum evaporator. Otolith Sr and Ca concentrations were measured along the longest axis using a wavelength dispersive X-ray electron microprobe (JEOL JXA-8900R; Jeol, Tokyo, Japan). Calcite (CaCO 3 ) and strontianite (SrCO 3 ) were used as standards. The accelerating voltage and beam current were 15 kV and 7 nA, respectively. The electron beam was focused on a point measuring 1 mm in diameter, and measurements were spaced at 1 mm intervals. Each datum represents the average of three measurements (each counting time, 4.0 s). Microprobe measurement points, which were seen as burn depressions, were assigned to otolith growth increments and examined as described later. The averages of successive data of Sr and Ca concentrations pooled for every 10 successive growth increments were used for the life history transect analysis.
Following the electron microprobe analysis, the otoliths were repolished to remove the coating, etched with 0.05 M HCl and vacuum-coated with Pt-Pd in an ion-sputterer for scanning electron microscopy (SEM; Hitachi S-4500; Hitachi, Kyoto, Japan) observations. Otoliths of 24 glass eels (12 specimens from each sampling site) that had not been used for electron microprobe analysis were also ground to expose the core in the sagittal plane, etched, and then coated for SEM observation. Scanning electron microscopy photographs at various magnifications (¥180, ¥1000, ¥1500) were
MATERIALS AND METHODS
Anguilla marmorata glass eels were collected at night during a new moon using dip and scoop nets in the mouth of the Tung-Kang River, Taiwan, on 15 February 1999 and on the beach of Tanegasima Island, Japan, on 16 February 1999 (Fig. 1) . The glass eels sampled were preserved in 99% ethanol immediately after collection. Total lengths were measured to the nearest 0.1 mm, and pigmentation stages were determined according to Bertin. 21 Sagittal otoliths were extracted from each fish, embedded in epoxy resin (Epofix; Struers, Copenhagen, Denmark) and mounted on glass used to count the number of growth increments and to measure their widths. The longest axis of the ground otolith surface was regarded as the otolith radius, along which increment widths were measured. The averages of every 10 succeeding ring widths between the hatch check 22 and the edge were used for otolith growth analysis. Because otolith increments in Anguilla species such as A. japonica, [22] [23] [24] A. rostrata, 25 and A. celebesensis 26 have been confirmed to be deposited daily, we considered the increment number as the daily age for A. marmorata examined in the present study (Table 1) .
Based on previous studies of otolith increment width and Sr : Ca ratios in A. japonica, 2, 4 A. rostrata,
6
A. australis, 8 A. celebesensis, A. marmorata, A. bicolor bicolor and A. bicolor pacifica, [9] [10] [11] [12] [13] A. anguilla, 6 and A. dieffenbachi, 9 age at a marked increase in otolith increment width that coincided with a drop in Sr : Ca ratios (Figs 2,3) , was regarded as the onset of metamorphosis (age at metamorphosis) in each individual examined in the study. Duration of the metamorphosis stage was regarded as the period 4 between the onset of a marked increase in otolith increment width and the Fig. 2 Anguilla marmorata. Profiles of otolith incremental widths from the core to the edge (circle) and otolith Sr : Ca concentration ratios measured using a wavelength dispersive electron microprobe from the core to the edge (triangle) in A. marmorata glass eels from Taiwan (total length 49.0 mm) and Japan (total length 49.8 mm).Each point represents the average of data obtained for every 10 days. Numbers at the upper right indicate total age (days) of each individual. The dotted and straight lines with arrows indicate age at onset of metamorphosis and age at termination of metamorphosis, respectively. maximum peak (Figs 2,3) . The number of increments between the hatch check and otolith edge (Fig. 3) was determined as the age at recruitment.
RESULTS

Size and stage at recruitment
The total lengths (mean ± SD) of the glass eels of A. marmorata from Taiwanese and Japanese coasts were 50.2 ± 1.6 mm (range 48.0-53.4 mm) and 49.7 ± 1.6 mm (range 47.8-54.2 mm), respectively ( Table 1) .
The mean ± SD radius of otoliths of glass eels of A. marmorata from Taiwanese and Japanese coasts were 150 ± 7.5 mm (range 134-159 mm) and 153 ± 6.3 mm (range 139-163 mm), respectively ( Table 1) . There were no significant differences in either total length or otolith radius between the two stocks (Mann-Whitney's U-test, P < 0.1).
Pigmentation of glass eels was limited to the skull, and caudal and rostral regions of the body, corresponding to stage VA or VB of Bertin's classification. 21 The condition of pigmentation suggested that the specimens had arrived recently at the mouth of the rivers.
Age and duration of metamorphosis
Ages at metamorphosis (mean ± SD) of A. marmorata from Taiwanese and Japanese coasts were 114 ± 13.8 days (range 92-141 days) and 123 ± 13.9 days (range 100-155 days), respectively (Table  1) , with no significant difference between the two ages (Mann-Whitney's U-test, P > 0.05).
Durations of metamorphosis stage (mean ± SD) of A. marmorata from Taiwanese and Japanese coasts were 15 ± 3.2 days (range 10-20 days) and 17 ± 4.1 days (range 12-24 days), respectively (Table 1) . No significant difference was found between these two figures (Mann-Whitney's U-test, P > 0.1).
Age at recruitment
Ages at recruitment (mean ± SD) of A. marmorata from Taiwanese and Japanese coasts were 144 ± 15.7 days (range 116-166 days) and 154 ± 17.3 days (range 133-189 days), respectively (Table 1) , with no significant difference in the ages between stocks (Mann-Whitney's U-test, P > 0.05).
Close linear relationships were apparent between ages at metamorphosis and recruitment in both Taiwanese and Japanese stocks (Fisher's Z-transformation, P < 0.0001) (Fig. 4) .
Early life history of a tropical eel
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Hatching date
The estimated hatching dates, which were backcalculated from sampling dates and ages of each glass eel collected on 15 February in Taiwan and 16 February in Japan, were 24 September 1998 (± 15.7 days) (range, 2 September 1998-22 October 1998) and 15 September 1998 (± 17.3 days) (range, 11 August 1998-6 October 1998), respectively. There was no significant difference in the birth dates between the two stocks (Mann-Whitney's Utest, P > 0.05).
DISCUSSION
The relationship between age at metamorphosis and recruitment clearly showed that glass eels that metamorphosed at an earlier age tended to migrate to a river mouth at a younger age; that is, early metamorphosing larvae were recruited earlier (Fig. 4) . Such phenomena are similar to those observed in A. japonica, 27 A. celebesensis, A.
Fig. 4 Anguilla marmorata.
Relationship between age at onset of metamorphosis (days) and age at recruitment (days) of eels collected from Taiwanese and Japanese coasts.
age determinations we have done, the growth rate of A. marmorata leptocephali was estimated to range from 0.41 mm/day to 0.44 mm/day, which is considerably less than that reported for the temperate eel A. japonica (0.56-0.59 mm/day), 31, 32 which has a similar length at the leptocephalus stage (116-138 days). 3 The reduced growth rate during the leptocephalus stage of tropical eels, including A. marmorata, seems to result in the smaller size of the fully grown leptocephalus, and therefore the smaller size at recruitment in those species.
The spawning area of A. marmorata in the North Pacific population is still hypothetical. Based on the age of leptocephali and water current systems, Arai 33 and Arai et al. 12, 13 have suggested that this population might spawn in an area approximately 15∞N, 143∞E. Such an area is south-east of the spawning area of A. japonica (in the North Equatorial Current west of the Mariana Islands). 34 Anguilla marmorata leptocephali, similarly to A. japonica leptocephali, may drift via the North Equatorial and Kuroshio Currents and migrate to coastal areas of the Philippines, Taiwan, China, and Japan. Compared to A. japonica, however, a much smaller number of A. marmorata leptocephali have been caught in the Pacific. 20, 35 Further information on the geographical distribution, age, and growth of A. marmorata leptocephali is necessary in order to determine the actual spawning grounds of this population and its migration pathways to Asian coasts. 6 and A. dieffenbachi. 9 Timing of metamorphosis seems to be a key factor in determining the inshore migration of a glass eel in a stock. The early life history parameters, such as timing and duration of metamorphosis, were the same between the two groups of Anguilla marmorata. The Japanese stock spent 123 days in the leptocephalus stage and was recruited 154 days after hatching. The duration of the leptocephalus stage and recruitment age was 114 days and 144 days, respectively, in the Taiwanese stock. Similar results have been found for A. marmorata from other sites, such as the northern Philippines and north Sulawesi Island, Indonesia. The duration of the leptocephalus stage and recruitment age in the glass eels from those sites were 120-128 days and 152-155 days, respectively. 10, 11, 13 Although the collection of each stock in the present study was not done throughout the recruitment season, ages at metamorphosis and recruitment seemed to be constant throughout the year as for other tropical eels, including A. marmorata recruited to the Poigar Estuary, north Sulawesi Island, Indonesia. 13 A molecular study on the population structure of A. marmorata has clearly demonstrated that A. marmorata is divided into six geographical populations and that the two stocks determined in the present study, as well as those determined previously for northern Philippines and north Sulawesi stocks, all belong to the North Pacific population. 28 Thus, early life history parameters, such as age at metamorphosis (duration of the leptocephalus stage) and age at recruitment, might be almost equal in identical populations of A. marmorata, despite the variety of geographical distributions and ocean migrations.
The total lengths of A. marmorata at recruitment (50.2 ± 1.6 mm in Taiwan and 49.7 ± 1.6 mm in Japan) were 10-20 mm less than those of temperate Anguilla species such as A. anguilla (68 mm) 5 and A. japonica (57 mm), 3, 4 even though all three species were at the same pigmentation stage; that is, stage VA or VB. Arai et al. have reported smaller sizes for tropical glass eels of several tropical species (44.7-52.6 mm for A. celebesensis, 49.4 mm for A. bicolor bicolor, and 48.6-51.5 mm for A. bicolor pacifica) compared to temperate ones. 10, 11, 13 Furthermore, differences in the total lengths of fully grown leptocephali were also found between tropical and temperate species. The total lengths of fully grown leptocephali of the temperate eels A. anguilla, A. rostrata and A. japonica were 75 mm, 20 70 mm 29 and 60 mm, 30 respectively, whereas those of tropical species collected in the Indo-Pacific region, including A. marmorata, were all approximately 50 mm in total length. 12, 20 According to the 156
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